T oxidized alanine, valine, leucine, isoleucine, methionine, aspartate, glutamate, histidine, asparagine and fumarate. Yeast extract was required for growth. The G+C content of genomic DNA was 61.9 mol%. A phylogenetic analysis based on comparison of the 16S rRNA gene sequence showed that the type strains of Fretibacterium fastidiosum, Aminobacterium colombiense and Aminobacterium mobile, members of the family Synergistaceae, were the closest relatives of strain 4F6E T , with low sequence similarities (89.3, 89.5 and 86.2 %, respectively). Strain 4F6E T contained iso-C 13 : 0 (24.43 %), iso-C 15 : 0 (16.47 %) and C 19 : 1 v11c/C 19 : 1 v9c (16.32 %) as the major fatty acids, which differed from those of F. fastidiosum, Aminobacterium colombiense and Aminobacterium mobile. On the basis of phenotypic, chemotaxonomic and phylogenetic differences between strain 4F6E
T and the type strains of F. fastidiosum and Aminobacterium species, we propose that strain 4F6E T represents a novel genus and species, Aminivibrio pyruvatiphilus gen. nov., sp. nov. The type strain of Aminivibrio pyruvatiphilus is strain 4F6E T (5JCM 18417 T 5DSM 25964 T ). Allison et al. (1992) reported the isolation of a Gramstaining-negative, strictly anaerobic, non-spore-forming, pyridinediol-degrading bacterium from the rumen of a goat and classified it as Synergistes jonesii, which was subsequently placed under the phylum Deferribacteres as incertae sedis (Garrity et al., 2004 ). An analysis of environmental 16S rRNA gene sequences revealed that Synergistes-group bacteria were present in 90 % of 93 anaerobic ecosystems, in spite of their low abundance (less than 1 % of total bacteria in each environment investigated) (Godon et al., 2005) . Based on phylogenetic analysis of 16S rRNA gene sequences, Jumas-Bilak et al. (2009) proposed the phylum Synergistetes containing one class (Synergistia), one order (Synergistales), one family (Synergistaceae) and nine recognized genera: Aminobacterium, Aminomonas, Aminiphilus, Anaerobaculum, Dethiosulfovibrio, Jonquetella, Synergistes, Thermovirga and Thermanaerovibrio. Synergistes is the type genus of the family Synergistaceae and the order Synergistales. Later, three further genera, Cloacibacillus (Ganesan et al., 2008) , Pyramidobacter (Downes et al., 2009) and Fretibacterium (Vartoukian et al., 2013) were added to the phylum Synergistetes. Consequently, at the time of writing, the phylum Synergistetes comprises 20 species classified into 12 genera. The common features shared by members of the phylum Synergistetes are anaerobic growth, rod-shaped cells, negative Gram-staining and possession of the ability to degrade amino acids. These bacteria have been isolated from various anaerobic environments, e.g. anaerobic digesters, the human oral cavity and the goat rumen.
prokaryotes, leading to the production of some metabolites. Propionate, one of the metabolites that accumulates transiently during the anaerobic degradation of organic matter, is known to be oxidized syntrophically by acetogenic and methanogenic consortia (Boone & Bryant, 1980) . While analysing syntrophic propionate oxidation using an enrichment culture originating from rice-field soil, we detected a bacterium that appeared to belong to the phylum Synergistetes. Here, we report the isolation and characterization of this bacterial strain from an anaerobic, propionate-oxidizing enrichment culture and propose that it represents a novel genus and species of the phylum Synergistetes.
The bacterial strain described in this study was isolated from an anaerobic, propionate-oxidizing culture for which the original inoculum was soil from a rice paddy field of Kanagi Farm of the Teaching and Research Center for Biocoexistence, Faculty of Agriculture and Life Science, Hirosaki University. We described the enrichment culture in detail in a previous study (Kitamura et al., 2011) . Methanobacterium formicicum JCM 10132 T , which was used for co-culture experiments, and Fretibacterium fastidiosum JCM 16858 T , which was used for some phenotypic comparisons, were purchased from the Japan Collection of Microorganisms. Aminobacterium colombiense DSM 12261
T and Aminobacterium mobile DSM 12262 T , which were used for chemotaxonomic comparisons, were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen.
All anaerobic procedures were performed under a stream of oxygen-free nitrogen gas, and Hungate technique (Hungate, 1969) was used for cultivating anaerobic bacteria. The basal medium (pH 7.4) for routine cultivation was prepared as described previously (Kitamura et al., 2011) . From the propionate-oxidizing enrichment culture, bacterial strains were isolated in pure culture by repeated application of the Hungate roll-tube technique (Hungate, 1969) using basal medium containing 20 mM DL-malate and supplemented with 0.1 % yeast extract. Of these isolates, a strain designated 4F6E
T was selected for further characterization. Colonies of strain 4F6E
T formed on roll tubes after 3 weeks of incubation and measured about 0.3 mm in diameter. They appeared white, translucent and circular with entire margins. After isolation, strain 4F6E T was routinely cultivated in basal medium containing 10 mM pyruvate and supplemented with 0.2 % yeast extract, since growth on pyruvate was superior to that on DL-malate.
Phase-contrast microscopy was conducted with an Olympus MX50 microscope. Flagella formation and ultrastructure were observed using a JEOL JEM2000EX transmission electron microscope as described previously (Kitamura et al., 2011) . Cells of strain 4F6E T were 0.8 mm wide and 2.0-2.5 mm long and were Gram-stainingnegative, curved, vibrio-shaped, motile rods with rounded ends, occurring singly or in pairs (Fig. 1a) . Two or three lateral flagella arranged at the centre of the concave side of cells were observed by transmission electron microscopy after negative staining (Fig. 1b) . Previous studies of members of the phylum Synergistetes also reported this type of flagella formation by Dethiosulfovibrio peptidovorans (Magot et al., 1997) , Dethiosulfovibrio russensis, Dethiosulfovibrio marinus and Dethiosulfovibrio acidaminovorans (Surkov et al., 2001) and Thermanaerovibrio velox (Zavarzina et al., 2000) . Cells of strain 4F6E
T had a typical Gram-type-negative structure with an outer membrane (Fig. 1c) .
Physiological characterization was performed by using basal medium containing 10 mM pyruvate and supplemented with 0.2 % yeast extract. For all measurements except temperature tests, the cultivation temperature was 37 u C. Growth at different temperatures was determined at 4-50 u C. For pH studies, the medium was adjusted to initial values of pH 4.0-10.0. The effects of NaCl on growth were tested at concentrations between 0 and 5.0 %. The temperature range for growth was 20-42 u C, with optimal growth at 37-40 u C. The pH range for growth was 6.4-8.4, with optimal growth at pH 7.3. Strain 4F6E
T grew in the absence of NaCl and tolerated up to 1.5 % NaCl for growth.
Substrate utilization of strain 4F6E
T was determined by using basal medium supplemented with 0.2 % yeast extract. The tested substrates were sterilized separately and added to the medium to final concentrations as follows: 10 mM for amino acids, organic acids and carbohydrates, 5 mM for alcohols and 0.5 % for peptone, Casamino acids, gelatin and casein. The substrates tested were glycine, alanine, proline, valine, leucine, isoleucine, methionine, phenylalanine, tryptophan, aspartate, glutamate, lysine, histidine, arginine, serine, threonine, cysteine, asparagine, glutamine, tyrosine, acetate, propionate, pyruvate, butyrate, lactate, fumarate, succinate, D-and L-malate, a-ketoglutarate, citrate, D-galactose, D-glucose, D-mannose, L-rhamnose, D-xylose, cellobiose, lactose, maltose, melibiose, sucrose, Larabinose, D-mannitol, D-ribose, glycerol, ethanol, peptone, Casamino acids, gelatin and casein. Growth was examined by measuring the OD 580 in a UV mini 1240 spectrophotometer (Shimadzu). The gas phase of the culture tubes was determined with a TCD GC (Shimadzu GC8A) equipped with a WG-100 column (GL Science). Fermentation products were examined on a Shimadzu HPLC system using Shimadzu's unique post-column pHbuffered electric conductivity method. Growth determinations were performed after 3 weeks of incubation at 37 u C.
Final products of culture of strain 4F6E
T are shown in Table S1 (available in IJSEM Online). Good growth occurred on glycine, serine, cysteine, pyruvate and citrate, while poor growth was observed on threonine, glutamine, L-malate, a-ketoglutarate, peptone and Casamino acids. Strain 4F6E
T did not use alanine, proline, valine, leucine, isoleucine, methionine, phenylalanine, tryptophan, aspartate, glutamate, lysine, histidine, arginine, asparagine, tyrosine, acetate, propionate, butyrate, lactate, fumarate, D-malate, carbohydrates, ethanol, gelatin or casein. The ability to degrade proteinaceous substrates has also been observed with some species of the phylum Synergistetes, including Aminomonas paucivorans (Baena et al., 1999b) 
Strain 4F6E
T favourably fermented glycine, serine, cysteine and pyruvate to acetate, as reported previously for its closest relatives Aminobacterium colombiense and Aminobacterium mobile (Baena et al., 1998 (Baena et al., , 2000 . When grown on serine or pyruvate, Aminobacterium mobile produces alanine in addition to acetate (Ganesan et al., 2008) . Cloacibacillus evryensis produces acetate, butyrate and small amounts of propionate and valerate by fermenting serine and histidine (Ganesan et al., 2008) . Strain 4F6E
T could use citrate as a growth substrate, whereas both Aminobacterium colombiense and Aminobacterium mobile do not (Baena et al., 1998 (Baena et al., , 2000 . D. peptidovorans and D. marinus ferment citrate to acetate (Magot et al., 1997) , similar to strain 4F6E
T . Utilization of carbohydrates was not observed with strain 4F6E
T , in common with F. fastidiosum (Vartoukian et al., 2013) , Aminobacterium colombiense (Baena et al., 1998) and Aminobacterium mobile (Baena et al., 2000) . Among species of the Synergistetes, carbohydrate utilization has been observed with Anaerobaculum thermoterrenum (Rees et al., 1997) , Anaerobaculum mobile (Menes & Muxí, 2002) and Anaerobaculum hydrogeniformans (Maune & Tanner, 2012) .
We conducted a co-culture experiment for strain 4F6E T with M. formicicum JCM 10132
T , a hydrogen-consuming methanogenic archaeon. M. formicicum JCM 10132 T was precultured on H 2 /CO 2 and strain 4F6E
T was precultured on 10 mM pyruvate. Each culture (500 ml) was added to 10 ml basal medium containing 10 mM substrate supplemented with 0.2 % yeast extract. Substrate utilization and final products were determined after 3 weeks of incubation as indicated above. The substrates utilized syntrophically in co-culture were alanine, valine, leucine, isoleucine, methionine, aspartate, glutamate, histidine, asparagine and fumarate, all of which were not utilized in the absence of M. formicicum JCM 10132 T (Table S2) . When substrates available both in co-culture and pure culture were used, better growth occurred in co-culture, which is presumably due to the reduction of Gibbs' free energy by hydrogenscavenging M. formicicum JCM 10132 T (Baena et al., 1998) . A representative product in co-culture was acetate, which was produced from alanine, leucine, aspartate, asparagine and fumarate. Branched-chain fatty acids were produced from their corresponding branched-chain amino acids: isobutyrate from valine, isovalerate from leucine and 2-methyl butyrate from isoleucine. Substrates available to be oxidized syntrophically by strain 4F6E
T in the presence of the hydrogen-scavenging methanogen were somewhat similar to those used by Aminobacterium colombiense and Aminobacterium mobile, except that they are not capable of oxidizing histidine, asparagine or fumarate and that Aminobacterium mobile cannot oxidize methionine (Baena et al., 1998 (Baena et al., , 2000 .
Amino acid degradation via the Stickland reaction system was examined in medium containing specific amino acid combinations (electron donor, 10 mM; electron acceptor, 20 mM) supplemented with 0.2 % yeast extract, for which the following amino acid combinations were tested:
Aminivibrio pyruvatiphilus gen. nov., sp. nov. alanine/arginine, alanine/serine, alanine/proline and alanine/arginine. The Stickland reaction did not occur with any of the amino acid combinations tested.
Utilization of electron acceptors was determined with thiosulfate (10 mM), sulfate (10 mM), sulfite (2 mM), fumarate (20 mM) and nitrate (10 mM). None of the substances tested served as electron acceptors.
Chemotaxonomic studies were conducted with cells of strain 4F6E
T , Aminobacterium colombiense DSM 12261 T and Aminobacterium mobile DSM 12262 T , all of which were cultured for 3 weeks in basal medium containing 20 mM pyruvate supplemented with 0.2 % yeast extract. F. fastidiosum, which was recently reported as a novel taxon within the family Synergistaceae, was also a close relative of strain 4F6E
T , but the type strain was so fastidious in cultivation that chemotaxonomic data were obtained from the original report by Vartoukian et al. (2013) . For cellular fatty acid analysis, cells harvested by centrifugation were washed twice with water and then lyophilized. Cellular fatty acids were prepared from lyophilized cells and subjected to GLC according to the methods described by Miller (1982) . Identification of fatty acids was performed with the Sherlock Microbial Identification System (MIDI). Protein extracts for MALDI-TOF analysis were prepared from 3-week cultures according to Bruker's standard method (EtOH-FA extraction) and analysed on a MicroflexLT device (Bruker). Spectrum comparisons were conducted using MALDI Biotyper 3.0 software, and a dendrogram was reconstructed based on similarity scores of the main spectra. Genomic DNA was prepared according to the method described by Marmur (1961) . The genomic G+C content was determined by HPLC using a Yamasa GC kit (Yamasa Shoyu). Cellular fatty acid profiles of strain 4F6E T and its closest neighbours are shown in Table S3 . The major fatty acids of strain 4F6E
T were iso-C 13 : 0 (24.43 %), iso-C 15 : 0 (16.47 %) and C 19 : 1 v11c/C 19 : 1 v9c (16.32 %), which were quite different from those of Aminobacterium colombiense DSM 12261 T and Aminobacterium mobile DSM 12262 T , which had similar fatty acid profiles to each other, with the major fatty acid iso-C 15 : 0 (Aminobacterium colombiense DSM 12261 T , 53.11 %; Aminobacterium mobile DSM 12262 T , 43.47 %), and the type strain of F. fastidiosum, which was reported to have C 14 : 0 (39.53 %) as the major fatty acid (Vartoukian et al., 2013) . The dendrogram reconstructed based on protein profiles determined from the mass spectrogram is shown in Fig. S1 . In this dendrogram, it is obvious that strain 4F6E
T is distinct from the closely related Aminobacterium colombiense DSM 12261 T and Aminobacterium mobile DSM 12262
T . The G+C content of genomic DNA was 61.9 mol%, which was similar to that reported for the type strain of F. fastidiosum (63 mol%; Vartoukian et al., 2013) , but higher than those reported for the type strains of Aminobacterium colombiense (46 mol%; Baena et al., 1998) and Aminobacterium mobile (44 mol%; Baena et al., 2000).
The 16S rRNA gene was amplified by PCR using the bacteria-specific primer pair 27f/1492r (Lane, 1991) , and the amplified products were sequenced by the SolGent ASSA Service (Korea). Phylogenetic analyses based on 16S rRNA gene sequences were performed using the MEGA5 program as follows. The 16S rRNA gene sequences of type strains of the family Synergistaceae and strain 4F6E T were aligned with the CLUSTAL W program. Evolutionary distances were then calculated from the aligned sequences by the Jukes-Cantor method and bootstrapped phylogenetic trees (based on 1000 resamplings) were reconstructed using the neighbour-joining method (Saitou & Nei, 1987) and the maximum-likelihood method (Felsenstein, 1981) . Strain 4F6E
T had 16S rRNA gene sequence similarities with type strains of the family Synergistaceae of less than 89.5 %, and showed the highest similarities to F. fastidiosum SGP1 T (89.3 %), Aminobacterium colombiense DSM 12261 T (89.5 %) and Aminobacterium mobile DSM 12262 T (86.2 %); these values are much lower than the threshold value (,97 %) generally used for bacterial species delineation (Stackebrandt & Goebel, 1994) . As shown in Fig. 2 , the neighbour-joining phylogenetic tree confirmed the placement of strain 4F6E T within the family Synergistaceae. In this tree, strain 4F6E
T was delineated from Aminobacterium and clustered with the type strain of F. fastidiosum, with a relatively high bootstrap value of 85 %. A tree topology similar to that of the neighbourjoining tree was reproduced in the maximum-likelihood tree (not shown), in which the divergence of strain 4F6E
T and F. fastidiosum SGP1
T was supported by a high bootstrap value of 95 %.
The phylogenetically closest relative of strain 4F6E
T was the type strain of F. fastidiosum, as indicated in the phylogenetic tree shown in Fig. 2 ; however, phenotypic data for F. fastidiosum were limited, especially in substrate utilization, because of difficulty in its cultivation (Vartoukian et al., 2013) . Nevertheless, there were some similar properties between strain 4F6E T and F. fastidiosum: both are Gram-staining-negative, non-spore-forming rods, motile, catalase-negative, have relatively high G+C content (61.9 mol% for strain 4F6E T ; 63 mol% for F. fastidiosum) and show similar temperature and pH profiles for growth (Vartoukian et al., 2013) . However, strain 4F6E
T had smaller cells than F. fastidiosum and no intracellular microcompartments were visible (Fig. 1c) , unlike F. fastidiosum (Vartoukian et al., 2013) . Strain 4F6E
T shared some properties with the type strains of both Aminobacterium colombiense and Aminobacterium mobile: all are Gram-staining-negative, non-spore-forming rods, able to use pyruvate, glycine and serine as growth substrates, unable to use carbohydrates as growth substrates and Stickland reaction-negative (Baena et al., 1998 (Baena et al., , 2000 . The growth temperature, pH profile, salinity tolerance and substrate utilization of strain 4F6E
T were relatively similar to those of Aminobacterium colombiense and Aminobacterium mobile (Baena et al., 1998 (Baena et al., , 2000 . However, strain 4F6E
T was able to use malate, citrate and glutamine and also methionine, histidine, asparagine and T. Honda, T. Fujita and A. Tonouchi fumarate in the case of co-culture with a hydrogenconsuming methanogen. In contrast, Aminobacterium colombiense cannot use any of these substrates except methionine and malate in co-culture, and Aminobacterium mobile cannot use any of these substrates under any circumstances (Baena et al., 1998 (Baena et al., , 2000 .
F. fastidiosum is an anaerobic, fastidious bacterium isolated from the human oral cavity (Vartoukian et al., 2013) . The culture characteristics of F. fastidiosum are quite different from those of its relatives (strain 4F6E T , Aminobacterium colombiense and Aminobacterium mobile); namely, it depends on co-culture with certain oral bacteria, such as Fusobacterium nucleatum (Vartoukian et al., 2010 (Vartoukian et al., , 2013 , for optimal growth. Although F. fastidiosum produces acetate and a small amount of propionate as end products during growth, the substrates that F. fastidiosum can use for growth are unknown (Vartoukian et al., 2013) . The low 16S rRNA gene sequence similarity between strain 4F6E T and the type strains of F. fastidiosum (89.3 %), Aminobacterium colombiense (89.5 %) and Aminobacterium mobile (86.1 %) suggested that strain 4F6E
T represents a novel species in a new genus, for which the name Aminivibrio pyruvatiphilus gen. nov., sp. nov. is proposed. This was also supported by the fatty acid profiles (Table  S3) , where strain 4F6E T showed quite a different profile from the type strains of F. fastidiosum, Aminobacterium colombiense and Aminobacterium mobile, and by the dendrogram reconstructed from protein profiles for strain 4F6E T , Aminobacterium colombiense DSM 12261 T and Aminobacterium mobile DSM 12262 T (Fig. S1 ). The characteristics that differentiate strain 4F6E
T from other members of the family Synergistaceae are summarized in Table 1 .
Database searching revealed that 16S rRNA gene sequences derived from uncultured bacteria showing high similarities to that of strain 4F6E
T have been detected in various artificial environments rather than natural environments; those sequences having the highest similarities (98.8-99.0 %) are as follows: clone A35_D28_L_B_A0 (99.0 % similarity; GenBank accession no. EF559200), from a T and related genera of the phylum Synergistetes Taxa: 1, strain 4F6E T (data from this study); 2, Aminiphilus (Díaz et al., 2007) ; 3, Aminobacterium (unless indicated, data from Baena et al., 1998 Baena et al., , 2000 ; 4, Aminomonas (Baena et al., 1999b) ; 5, Anaerobaculum (Rees et al., 1997; Menes & Muxí, 2002; Maune & Tanner, 2012) ; 6, Cloacibacillus (Ganesan et al., 2008) ; 7, Dethiosulfovibrio (unless indicated, data from Magot et al., 1997; Surkov et al., 2001; Díaz-Cárdenas et al., 2010); 8, Fretibacterium (Vartoukian et al., 2013); 9, Jonquetella (Jumas-Bilak et al., 2007) ; 10, Pyramidobacter (Downes et al., 2009); 11, Synergistes (Allison et al., 1992) ; 12, Thermanaerovibrio (Guangsheng et al., 1992; Baena et al., 1999a; Zavarzina et al., 2000) ; 13, Thermovirga (Dahle & Birkeland, 2006) . +, Positive; 2, negative; ND, no data available. 
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International Journal of Systematic and Evolutionary Microbiology 63 mesophilic anaerobic solid waste digester, clone GD-A-37 (99.0 %; HQ122965), from an anaerobic polychlorinated biphenyl-dechlorinating culture, clone R2B-12 (98.9 %; FJ167482), from a denitrifying bioreactor, and clone CLONG96 (98.8 %; DQ478749), from an upflow anaerobic sludge blanket reactor treating brewery waste.
Strain 4F6E
T was unable to use propionate, but was isolated from an anaerobic, propionate-oxidizing enrichment culture originating from soil of a rice field in which propionate was used as the sole carbon and energy source. Some bacteria, including strain 4F6E
T , that were probably not involved in the direct degradation of propionate were found in the culture, and were not successfully removed by serial transfers to fresh medium over 5 years. Accordingly, we assume that strain 4F6E
T and other contaminants use the intermediate metabolites of propionate oxidation, e.g. succinate, fumarate and pyruvate, or other organic substances (carbohydrates, amino acids, etc.) probably derived from autolysis of cells in the culture.
Description of Aminivibrio gen. nov.
Aminivibrio (A.mi.ni.vi9bri.o. N.L. n. aminum amine; N.L. masc. n. vibrio a vibrio; N.L. masc. n. Aminivibrio a vibrio that degrades amines).
Cells are Gram-staining-negative, strictly anaerobic vibrios that are motile with two or three lateral flagella. Mesophilic and non-spore-forming. Yeast extract is required for growth. Grow by fermentation of amino acids and organic acids, but not carbohydrates. Do not reduce any of the electron acceptors tested and do not perform the Stickland reaction. The major fatty acids are iso-C 13 : 0 , iso-C 15 : 0 and C 19 : 1 v11c/C 19 : 1 v9c. Members of the genus can be differentiated from related genera in the family Synergistaceae by 16S rRNA gene sequencing, cellular fatty acid profiles, protein profiles and DNA G+C content. The genus is affiliated with the family Synergistaceae in the phylum Synergistetes. The type species is Aminivibrio pyruvatiphilus.
Description of Aminivibrio pyruvatiphilus sp. nov.
Aminivibrio pyruvatiphilus [py.ru.va.ti.phi9lus. N.L. n. pyruvatum pyruvate; N.L. masc. adj. philus (from Gr. neut. adj. philôn) friend to, loving; N.L. masc. adj. pyruvatiphilus pyruvate-loving].
In addition to the properties listed in the genus description, the following properties are observed. Cells are vibrio-shaped rods with rounded ends, 0.862.0-2.5 mm, occurring singly or in pairs. Colonies are white, small (about 0.3 mm in diameter), translucent and circular with entire margins. The temperature range for growth is 20-42 u C, with an optimum at 37-40 u C. The pH range for growth is 6.4-8.4 with an optimum at pH 7.3. Tolerates up to 1.5 % NaCl for growth. Ferments glycine, serine, cysteine, pyruvate and citrate. Uses several other amino acids and organic acids in the presence of hydrogenscavenging M. formicicum JCM 10132
T (alanine, valine, The type strain, 4F6E T (5JCM 18417 T 5DSM 25964 T ), was isolated from soil of a rice field in Asino, Goshogawara City, Aomori Prefecture, Japan. The DNA G+C content of the type strain is 61.9 mol%.
